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Summary - The Japanese pine sawyer, /VIonochamus ailernalUs, that emerged From blocks inoculated first with OphiosLOma
minus then with Trichoderma sp. (O+T) carried more pinewood nematodes (PWN, Bursaphe/enchus xy/ophi/us) than those emer-
ging From blocks inoculated with these two fungi simultaneously (O,T togeù1er) or inoculated first with Trichoderma (T+O).
This was because: z) PWN populations were much larger in the O+T blocks than in the blocks with the other treatments, and
ii) the percentage of third-stage dispersal juveniles, dauer juveniles, and PWN which actually transferred to the beetle were
much higher in the O+T blocks. By contras t, the numbers of PWN carried by the beetles emerging From blocks inoculated
with both 0. minus and Vérticil/ium sp. were much smaller regardless of the inoculation sequence because PWN populations did
not build up. We conclude that the species of fungi which are most prevalent in pine wilt-killed trees will help determine the
number of P\X!N carried by the beetles emerging from the wood.
Résumé - Effets des interactions fongiques sur le nombre de Bursaphelenchus xylophilus (Ne1natoda: Aphelen-
choididae) transportés par Monochamus alternatus (Coleoptera: Cerambycidae) - Monochamus a/lernaLUS sortant de
blocs de bois préalablement inoculés avec OphiosLOma minus et ensuite avec Trichoderma sp. (0+T) transporte un plus grand
nombre de Bursaphelenchus xy/ophilus (PWN) que ceux sortant de blocs inoculés simultanément avec ces deux champignons
(0, T) ou inoculés avec Trichoderma sp. puis avec 0. minus (T+0). La raison en est que: 1) les populations de PWN sont plus
élevées dans les blocs 0+ T que dans ceux des autres traitements, et que il) le pourcentage de juvéniles de dispersion de
3e stade, les "dauer" juvéniles et les PWN qui passent réellement dans l'insecte sont plus nombreux dans les blocs O+T. En
contraste, le nombre de PWN transportés par l'insecte sortant de blocs inoculés avec 0. minus et Umici/lium sp. est beaucoup
moins élevé quelle que soit la séquence d'inoculum parce que les populations de PWN ne s'y établissent pas. Il est conclu que
les espéces de champignons les plus abondantes dans les pins tués par le desséchement concourent à déterminer le nombre de
PWN transportés par l'insecte sortant du bois.
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The pinewood nematode (PWN) Bursaphelenchus
xylophilus (Steiner & Buhrer) Nickie, the cause of pine
wilt disease (Kiyohara & Tokushige, 1971), is vec-
tored from wilt-killed to healthy pines by the Japanese
pine sawyer, Monocharnus afternaLUs Hope in Japan
(Mamiya & Enda, 1972; Morimoto & Iwasaki, 1972).
The number of PWNs that enter a healthy tree is
directly proportional ta the number of PWNs carried
bya sawyer beetle (Togashi, 1985). In turn, the rate of
disease development is directly related to the number
of PWNs in the inoculum (Kiyohara et al., 1973;
Hashimoto & Sanui, 1974). Thus, ta understand the
dynamics of pine wilt disease development, it is
important ta identify the factors affecting the number
of PWNs carried by a beetle, which ranges from a to
over 200 000.
PWNs are transmitted to healthy trees and invade
them through maturation feeding wounds caused by
vector beetles. After the tree dies, the PWNs feed on
and reproduce on various wood-inhabiting fungi such
as blue-stain fungi (Kobayashi et al., 1974, 1975;
Fukushige, 1991 a; Kuroda & Iro, 1992). Fungi which
are unsuitable for PWN propagation also occur in
killed pines. Maehara and Futai (1996) examined the
number of PWNs carried by a beetle which emerged
from wood blocks inoculated with a fungus either
suitable - the blue-stain fungus, Ophiostoma minus
(Hedgcock) H. & P. Sydow - or unsuitable - tWO spe-
cies of Thchoderma - for PWN propagation, and
showed that the dominant fungus species in the wood
affected both population densiry and developmental
stage of the PWN, and thus the number of PWNs car-
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ried by a beetle. Fukushige (1991 b) found that sorne
fungi coexisting with a blue-stain fungus had inhibit-
ing effects on PWN propagation.
The present study was made to determine how the
kinds and sequence of colonization by wood fungi
affect the number of PWNs carried by a beetle. Spe-
cifically, we examined the transfer of PWNs to asepti-
cally-reared beetles from wood blocks inoculated with
both a suitable fungus (O. minus) and an unsuitable
fungus (Trichoderma sp. or Verlicillium sp.) for PWN
propagation.
Materia1s and methods
REARING ASEPTIC MONOCHAMUS ALTERNA TUS
In June 1994, adults of M. aliernauts emerging from
logs of killed Japanese red pine, Pinus densiflora Sieb.
& Zucc., or killed Korean pine, Pinus koraiensis Sieb.
& Zucc., in the Kamigamo Experimental Station of
Kyoto University Forest, were captured. In August,
they were allowed to oviposit on recently-cut logs of
healthy Pinus lhunbergii ParI. After 4 days, eggs were
collected from the logs, dipped in 70 % ethanol for
10 s, then in 0.05 % benzethonium chloride for 5
min, and finally rinsed three times with sterilized dis-
tilled water (Kosaka & Ogura, 1990; Kosaka & Enda,
1991). The eggs were then placed on an artificial diet
modified from the diet proposed by Kosaka and
Ogura (1990) and Kosaka and Enda (1991), i.e., 8 g
of 1-year-old P densiflora needles dried at 90°C for
20 h and milled into powder for 2 min, 26.8 g artifi-
cial diet for silkworms (SILKMATE 3M, powder,
Nippon Nosan Kogyo Co., Japan), 3.2 g dried yeast,
and 62 ml of distilled water. About 20 g of the diet
was put into each 50 ml Erlenmeyer flask, which was
then plugged with a silicon-rubber stopper and auto-
claved at 121°C for 20 min. The hatched larvae were
reared at 25°C in the dark for 4 months. After the lar-
vae matured, they were incubated at 10°C in the dark
for Il months, then at 25°C in the dark for 7 days.
TRANSFER OF PINE\XIOOD NEMATODES TO
ASEPTICALLY-REARED MONOCHAMUS ALTERNA TUS
Wood blocks (2.5 x 2.5 x 5.0 cm) with bark on one
side were obtained from two healthy, 10-year-old
Japanese red pine trees and a hole (ca. 1.7 cm at the
major axis x 1.2 cm at the minor axis x 4.0 cm deep,
which simulated a 1vI. aliernaLUs pupal chamber) was
bored into the top of each block. Each block was then
put into a 70 ml wide-mouthed boule plugged with a
silicon-ru bber stopper (Fig. 1). The bottles were auto-
claved at 121°C for 30 min. One or [\VO 7 mm dia me-
ter mycelial disks of the test fungi growing on potato
dextrose agar (PDA) were placed inside the hole of
each block. Three fungi were used: 1) the blue-stain
fungus OphioslOma minus (Hedgcock) H. & P. Sydow
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Fig. 1. Simulaœd pupal chamber of Monochamus a!ternarus.
- called CeralOcyslis sp. (isolate No. 2) by Fukushige
(l991a), il) Trichoderma sp. (isola te No. 3), and iù)
Venicillium sp., a nematode parasitic fungus. The first
two fungi were isolated from PWN-infected Japanese
red pine; Verlicillium sp. was isolated from PWNs in
pine wilt-killed Japanese red pine (Fukushige, 1991 a).
We inocu1ated the wood blocks with 0. minus and Tri-
chodenna sp. or with O. minus and Verlicillium sp.,
either simultaneously or with a certain delay between
the two inoculations. In the case of sequential inocula-
tions, when 0. minus or Trichoderma sp. was inocu-
lated first, the second fungus was introduced 8 days
later to allow the first fungus to spread entirely over
the blocks. When Verticillium sp. was the first fungus,
the second fungus was introduced 24 days later. Con-
trol blocks were inoculated with one fungus only:
either 0. minus, Trichoderma sp., or Verlicillium sp. Ali
culture bottles were incubated at 25 oC in the dark
until the end of the experiment.
Eight days after making the last inoculation with
0. minus or Trichoderma sp., or 24 days after inocula-
tion with Verticillium sp., as solitary inoculum or an
alternative inoculum, ca. 2000 axenic P"WNs (in
0.5 ml sterilized water) were inoculated into the hole
in each block. This pathogenic isolate (S 10) of
B. xylophilus was donated by the Kansai Branch of
Forestry and Forest Products Research Institute and
subcultured on the fungus BOlrylis cinerea Pers. grow-
ing on autoclaved barley grains. The nematodes used
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for inoculation were separated from the B. cmerea
hyphae by the method of Iwahori and Futai (1993)
where a suspension of nematodes is passed through
four thin layers of Japanese ryping paper settled on a
Baermann funne!, then through Sephadex G-25
(Coarse) and glass beads packed in a column tube.
The resulting suspension was then centrifuged five
times at 700 g for 1 min to remove any remaining
B. cinerea mycelium with the supernatant.
Eight days after nematode inoculation, one mature
M. alternauls larva was placed inside the hole in each
block. The development of M. allernaLUs was observed
daily using a laminar flow bench. When the insect
reached the adult stage, a 2.2 cm long x 2.6 cm wide
x 0.17-0.25 mm thick coyer glass was inserted
between each block and silicon-rubber stopper to pre-
vent the ca110w adults from emerging from the blocks.
The number of days required for larvae or pupae to
become pupae or adults, or for the adult to emerge
from the blocks were recorded. \X!hen adults had not
emerged 8 days after adult eclosion, we took them out
of the blocks. Immediately after emergence or
removal, each beetle was ground for lOs using a mi11
with ca. 40 ml tap water and placed in a Baermann
funnel overnight to extract the PWNs, which were
then counted using a stereomicroscope. After the
fresh weight of each block was measured, the block
was cut into pieces with a pair of pruning shears and
placed in a Baermann funnel overnight to extract the
PWNs. Third-stage dispersal juveniles (JIll), fourth-
stage dispersal juveniles (dauer juveniles; JIV), and ail
other PWN developmental stages G2-J4 and adults)
were counted separate!y for each sample. The blocks
which were used for nematode extraction were dried
at room temperature for at least 1 week and then at
105 oC for 3 h to determine their dry weight. The
water content of the blocks was calculated from their
fresh weight. When the numbers of nematodes were
toO great, the suspension was diluted so that the nem-
atodes couId be counted. The number of samples
examined was not equal in ail trearments because
sorne larvae or pupae of M. alternauts failed to pupate
or eclose, or because sorne blocks were too dry and
had to be discarded. One-way analysis of variance
(ANOVA) and Tukey-Kramer's multiple comparison
test were used to determine the significance of mean
differences among fungus treatments. For ANOVA,
the numbers of nematodes were log 1O-transformed
and the percentages of each life stage of the PWN
were arcsine transformed. Spearman's rank correla-
tion (rs) was used to test correlations between any two
variables.
Results
For mature larvae of M. alternatus put into wood
blocks, the average larval and pupal periods were
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9 ± 3 (mean ± SD) days and 14 ± 1 days, respectively.
Adulrs emerged from blocks 7 ± 1 (4-8) days after
adult eclosion (half of them were taken out of blocks
8 days after adult eclosion). Ali ad ults which emerged
from blocks were sclerotized.
ln either combination of [Wo fungi, 0. minus-Tri-
choderma and 0. minus- Verticillium, both fungi prolif-
erated in wood blocks, regardless of the inoculation
sequence.
The highest numbers of JIVs were carried by beetles
which emerged from 0. minus-inoculated blocks and
from the blocks inoculated first with 0. minus then
with Trichoderma (Table 1). The mean numbers were
2759 (200-6890) and 2979.2 (350-7920) nematodes,
respectively. Conversely, the mean number of PWNs
carried by a beetle in the Trichoderma-inoculated
blocks was sma11, and no PWNs were found on
beetles which emerged from the Verticillium-ino-
culated blocks. In blocks inoculated simultaneously
with 0. minus and Trichoderma and blocks inoculated
first with Trichoderma, the mean numbers of PWNs
were also small. The numbers of PWNs were very
low (mean less than 2) in blocks inoculated with
0. minus and Verticillium, regardless of the inoculation
sequence.
The sum total (= the total number of PWNs) of the
number of PWNs carried by a beetle plus those
remaining in a wood block was low in ail four combi-
nations of fungus-treatments with Verticillium regard-
less of the inoculation sequence (Table 1). The mean
total numbers of PWNs in the three fungus-treatment
blocks inoculated with Trichoderma, except the blocks
inoculated first with O. minus then with Trichoderma,
were only a few times higher than that of the inoculum
(2000 nematodes). The mean number of PWNs in
the blocks inoculated first with 0. minus then with Tri-
choderma or inoculated with 0. minus alone increased
by 18 and 33 times the initial density, respectively.
The ratio of ]111 +JIV to the total of PWNs of ail
stages was greatest in the blocks receiving first
0. minus then Trichoderma, fol!owed by the ratio in the
blocks with only 0. minus, and the smal!er ratios were
found in the blocks with ail other treatments
(Table 2). The ratio ofIIV to JIll +]1V, and to the total
of PWNs of al! stages, and the ratio of PWNs which
transferred to a beetle to the total of PWNs of ail
stages showed the same pattern among the combina-
tions of fungus-trearments as did the ratio of JIII+JIV
to the total of PWNs of ail stages (Table 2). The total
numbers of PWNs in any blocks with Verticillium were
too smail to take ioto account.
There were no differences in the water content of
blocks (36.9 [22.7-49.4] %) among the fungus-treat-
ments (P = 0.081). In blocks simultaneously inocu-
lated with 0. minus and Trichoderma, both the number
of PWNs carried by a beetle (rs = 0.853, P ~ 0.01)
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Table 1. Effecl offungi on lhe number ofJIV of Bursaphelenchus xylophilus (PWN) carried by lhe beelle Monochamus alternatus
and on lhe IOlal number of PWN of ail Slages in wood blocks inoculmed wùh ca. 2000 PWN.
Fungi and inoculation order Number of Number of PWN Total number
observations carried per beeùe ofPWN
Vérlicillium sp. alone 8 Oa 0.3 a
OphioslOma minus then Vérliciliium sp. 5 Oa 0.6 a
Vérlicillium sp. then 0. minus 6 0.3 a 0.7 a
0. minus and Vérliciliium sp. together 5 1.2 ab 3.6 b
Trichoderma sp. alone 9 34.9 bc 11 914.9 e
0. minus and Triehoderma sp. together 12 85.8 e 16482.5 e
Triehoderma sp. then 0. minus 9 87.9 e 12172.3c
O. minus alone 10 2759.0 d 65 579.0 d
0. minus then Triehoderma sp. 12 2979.2 d 36 187.5 e
Means followed by the same letter in a column were not significantly different at P ~ 0.05 (Tukey-Kramer's multiple compari-
son test). Data were log-transformed before analysis and untransformed means are presented.
Table 2. Effeel offungi on lhe proporlions of differel1l Slages of Bursaphelenchus xylophilus (PWN) and lhe proporlion of PWN whieh
lransferred 10 Monochamus alternatus.
Fun~andinocu~t~n
order
Number of
observations
(JI II+JlV)/total
PWN x 100
JIV1am+JIV)
x 100
JIV/total
PWN x 100
PWN aIY) transferred
to a beet1e/tota1
PWN x 100
0.8 a
0.2 a
0.5 a
0.9 a
0.3 a
0.5 a
13.0 ab
4.3 a
13.3 ab
5.7 a
4.1 a
3.7 a
9
9
12
Triehoderma sp. alone
Ophiosloma minus
and Trichoderma sp.
together
Triehoderma sp.
then 0. minus
0. minus alone 10 14.8 b 28.2 be 4.3 b 4.0 b
0. minus then 12 20.5 e 41.1 e 9.5 e 9.3 e
Triehoderma sp.
Means followed by the same letter in a column were not significantly different at P ~ 0.05 (Tukey-Kramer's multiple compari-
son test). Data were arcsine transformed before analysis and untransformed means are presented
(Fig. 2) and the total number of PWNs (rs = 0.678,
P:s; 0.05) were significantly relared to the water con-
tent. The water content of the wood blocks was also
significantly related to the percentage of JIIIs+JIVs in
the blocks receiving first O. minus then Trichoderma
(rs = 0.706, P :s; 0.05), Trichoderma then 0. minus
(rs = 0.717, P:s; 0.05), and to the ratio of nVs to the
total number of PWNs in the blocks simultaneously
inoculated with these fungi (rs =0.769, P:s; 0.05) or
inoculated first with 0. minus then with Trichodenna
(rs =0.685, P:s; 0.05).
In the present study, the time from adult eclosion to
emergence of a beetle was 4 to 8 days. There was no
relation between this time and the number of PWNs
carried by a beetle in any fungus-treatment.
Discussion
The number of PWNs carried by a beetle is affected
by i) reproduction of the PWNs in PWN-killed pines,
ii) occurrence of the dispersal form (JIll and JIV) of
the PWNs, and iii) transference of JIV from infested
wood ta the beetles.
Kobayashi el al. (1974, 1975) and Fukushige
(1991 a) compared PWN reproduction on various
fungi From healthy and PWN-killed pines, and show-
ed that, while the PWNs fed and multiplied on some
of them, others were unsuitable for PWN reproduc-
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Fig. 2. Relalionship belween the percent wa1er content of wood
blocks inoculaled wùh Ophioswma minus and Trichoderma
sp. simulr.aneously and lhe number of pinewood nemalOdes car-
ried by Monochamus alternatus.
tion. Fukushige (1991 b) examined PWN reproduc-
tion on a suitable fungus host - 0. minus, which was
called Ceratocyslis sp. (isolate No. 2) by Fukushige
(1991 b) - paired with one of several unsuitable fungi,
i.e., Trichoderma spp. and individual species of Penicil-
lium, Arlhrobolrys, or Venicillium. When O. minus and
the other fungus were inoculated simultaneously,
PWN reproduction was always inhibited by the
unsuitable fungi. When O. minus was inoculated
1 week before any of the other fungi, nematode repro-
duction was only inhibited by AnhrobolrYs sp. and !-ér-
ticlllium sp. In our study, the number of PWNs was
very small in the !-érticillium-inoculated wood blocks
regardless of the sequence of inoculation because this
fungus kills PWNs. PWN reproduction was poor in
the blocks inoculated with Trichoderma except when
0. minus was inoculated before Trichoderma. This
shows that Trichoderma suppresses PWN reproduction
not by killing PWNs but by outcompeting O. minus,
the food source of the PWNs.
Several srudies reported that the percentage of JIll
reached a maximum when or after the number of
PWNs was at its highest level (Mamiya et al., 1973;
K.iyohara & Suzuki, 1975, 1977; lshibashi & Kondo,
1977; Futai el al., 1986; Tamura, 1986; Fukushige &
Futai, 1987; Fukushige, 1991a; Forge & Sutherland,
1996), i.e., that a high population densiry is a prereq-
uisite for the occurrence of JIll. Fukushige (1991 a),
however, suggested that some fungi affected the per-
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centage of JIIIs whether or not the PWNs can propa-
gate on them. In the present study, the percentage of
JIll +]IV differed among the fungus treatments, being
highest in blocks inoculated first with O. minus then
with Trichoderma, and even higher than in blocks ino-
culated with O. minus only, where PWNs reproduced
best. We suggest that this occurs because Trichoderma,
which is an unsuitable food source for the PWNs, in
sorne way promotes the formation of third-stage dis-
persai juveniles (]III). Therefore, the interaction
between the two fungi affected the percentage of JIll.
There was also a difference among fungus treatments
in the ratio of dauer juveniles QIV) to the total of JIll
and JIv. For instance, the mean percentages are
28.2 ± 14.0 % and 4.3 ± 4.1 % in the blocks with
0. minus alone and Trichoderma alone, respectively.
This is in contra st with our previous observation
(Maehara & Futai, 1996) where there was no differ-
ence in the percentage between blocks inoculated with
0. minus (26.3 ± 13.7 %) and blocks inoculated with
Trichoderma (isola te No. 3) (23.2 ± 37.4 %). In our
previous observation, the percentage in the blocks
with Trichoderma only varied too much to compare to
the present result. The percentage of PWNs which
transferred to a beetle was high also in the blocks
inoculated with O. minus before Trichoderma and in
those with 0. minus only. This was undoubtedly
attributable to the high percentage of JIV in these
blocks.
In the blocks inoculated with 0. minus only or in
those inoculated first with 0. minus then Trichoderma,
PWN populations developed very weil, and the per-
centages of JIll, JIV, and PWN that transferred to a
beetle were high. Thus, beetles emerging from these
blocks carried a large number of PWNs. In contras t,
in blocks with either !-érlicillium or Trichoderma, the
number of PWNs carried by a beetle was small,
because of predation in the !-érticillium blocks and
failure in nematode development in the Trichoderma
blocks.
Previous studies showed that beetles emerging from
extremely dry or wet pupal chambers (Morimoto &
lwasaki, 1973) or logs (Terashita, 1975; Kobayashi
el al., 1976; Togashi, 1989; Fukushige, 1990) carried
fewer PWNs. In wood blocks inoculated simultane-
ously with O. minus and Trichoderma, there was a posi-
tive relationship between block water content (26.7-
46.5 %) and the number of PWNs carried by a beetle,
i.e., beetles emerging from extremely dry pupal cham-
bers carried fewer PWNs. In these blocks, there was
also a positive relationship between wood water con-
tent and the total number of PWNs propagated or the
percentage of JIv. PWN numbers also correlated posi-
tively with water content in wood chips of eastern
white pine (P slrobus L.) (Tomminen el al., 1991).
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In the present srudy, the period from adult pine
sawyer eclosion co beetle emergence (4 co 8 days) was
not related co the number of PWNs carried by a beerle
in any fungus treatmenr. In the previous experiment,
however, we indicated that in wood blocks inocuiated
with 0. minus only there was a positive correlation
between this period and the number of PWNs within
3 days after adulr eclosion. However, the 3-days
period was coo short compared with the 4 to 8 days
necessary for the beetle emergence from logs (Ido &
Takeda, 1972; Kishi, 1976; Takizawa, 1979; Enda,
1980). The present result strongly suggests that the
period would not affect the number of PWNs carried
bya beetle in the field.
PWNs reproduce weil in pine wilt-killed trees c010-
nized by blue-stain fungi such as Ophiostoma. When
M. a/ternaLUs is present, many dauer juveniles develop
and transfer CO the vector beetles (Maehara & Futai,
1996). Other fungi, including species of Trichoderma
and Vérticillium that are unsuitable for PWN repro-
duction, olten occur in killed trees, in which case
PWNs reproduce poorly and only a few dauer juve-
niles occur and transfer co the veetor. Thus, the pre-
dominant fungi in wilt-killed trees undoubtedly help
to determine the number of PWNs carried by the bee-
tles emerging from such trees.
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